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In this issue of Structure, Rymer and colleagues present the first crystal structures of a bacterial DnaG
primase with bound substrate NTPs and alarmone inhibitors. A thoughtful comparative structural analysis
provides important insights into the chemical mechanism of primase.Synthesis of new DNA is carried out
by DNA polymerases that copy DNA
templates. Curiously, these enzymes
cannot start DNA strands; they can only
extend preexisting ‘‘primers’’ that have
a 30-OH group available to attack the
a-phosphate of incoming complementary
dNTPs. It is the job of the primases to
produce the initiating (RNA) primers for
every DNA strand. Primases are unusual
DNA-dependent RNA polymerases that
generate short segments of RNA:DNA
heteroduplex, and in bacteria, the pri-
mase activity is attributed to the DnaG
protein.
The catalytic RNA polymerase domain
(RPD) of DnaG is located centrally be-
tween N-terminal zinc-binding (ZBD) and
C-terminal helicase-interaction domains3’– OH
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Figure 1. Two TOPRIM Domain Enzymes Have Similar
Active-Site Chemistry
DnaG primase (top) catalyzes nucleophilic attack of a 30-OH
group of an initiating rNTP or a growing RNA primer on the
a-phosphate of an incoming rNTP that is complementary to
the templating deoxynucleotide. During the DNA rejoining
step promoted by yeast topo II (bottom), the 30-OH of the
30-terminal deoxynucleotide attacks the phosphate of an
enzyme-linked active-site 50-phosphotyrosyl diester (metal
ions have been omitted for clarity).and is structured as a topoisomer-
ase/primase (TOPRIM) fold (Keck
et al., 2000; Podobnik et al., 2000).
The RPD of DnaG is remarkable in
that it has no structural similarity to
other RNA or DNA polymerases.
Although mechanistic details are
well understood for members of
several DNA polymerase families,
this information is not directly
transferable to DnaG. Moreover,
structural characterization of DnaG
in complex with DNA templates
during primer synthesis has been
difficult, due to the relatively low
affinity and lack of specificity of
DnaG for polynucleotides (Corn
et al., 2008). In this issue of
Structure, Rymer et al. (2012) report
the first structural information on
the interaction of DnaG with its
NTP substrates.
In contrast to crystals of the
Escherichia coli DnaG RPD (Keck
et al., 2000), those of the RPD
from Staphyloccocus aureus were
amenable to soaking with NTPsand divalent metal ions, and structures
of the S. aureus RPD were obtained with
each of the NTPs. In all four structures,
the ribonucleotide is bound in the same
orientation, accompanied by three Mn2+
ions, designated A, B, and C. Observation
of DnaG residues surrounding the NTP
revealed first that the conserved acidic
residues critical for primase activity are
ligands of the metal ions that contact
the NTP triphosphate. Mutation of addi-
tional ribose-contacting residues were
also found to disrupt primer synthesis
but had little effect on DNA:RNA hetero-
duplex binding.
To provide further insights into the
chemistry of the nucleotidyltransferase
reaction of DnaG, the authors turned to
the structural similarity of the TOPRIMStructure 20, September 5, 2012 ªfold shared by DnaG and the types IA
and II topoisomerases. Topo II enzymes
relax supercoils in DNA by cutting both
strands to produce covalent active-site
50-phosphotyrosyl diester intermediates,
followed after strand passage by their
rejoining. The crystal structure of yeast
topo II in a DNA-cleavage complex re-
ported previously by the same group
(Schmidt et al., 2010) provided an excel-
lent candidate for comparison. The chem-
istry of strand rejoining by topo II is not
too dissimilar to the addition of a new
nucleotide to the 30-OH of an RNA primer
by DnaG (Figure 1).
Superimposing the catalytic centers of
DnaG and topo II revealed similarities.
First, the nucleoside moiety of the
DnaG-bound NTP occupies the same2012location as the 50 nucleoside at the
cleavage site in topo II, and its tyro-
sine-linked phosphate overlapped
nearly exactly with the a-phosphate
of the DnaG-bound NTP. Moreover,
the same conserved pair of acidic
amino acids that are ligands of the
single catalytic metal in topo II also
bind metal A in DnaG. From these
observations, it is clear that the
same region of the TOPRIM fold
supports metal ion coordination,
substrate prepositioning, and phos-
phoryl transfer in both enzymes.
The usefulness of structural com-
parisons extends beyond the loca-
tion of the DnaG-bound NTP. In
the primer-template DNA complex
of T7 DNA polymerase (Doublie´
et al., 1998), the 30 base of the primer
and the incoming nucleotide are
orientated to allow clash-free base
stacking. This orientation is mirrored
in the overlay of DnaG and topo II,
with the DnaG-bound NTP oriented
to base pair with the topo II-bound
complementary DNA strand andElsevier Ltd All rights reserved 1447
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with the 30 terminal nucleoside of the
cleaved strand in the topo II complex.
The polarity and general location of the
complementary strand is in agreement
with crystal structures of the E. coli
DnaG RPD crosslinked to single stranded
DNA (Corn et al., 2008), and two highly
conserved lysine residues in the
proposed DNA-binding site were shown
to be important for template binding
(Sun et al., 1999; Rymer et al., 2012).
Having established a convincing model
for the nucleotidyltransferase reaction of
DnaG, the authors turned their attention
to the mechanism of DnaG inhibition in
the bacterial stringent response. Under
conditions of nutrient starvation, bacteria
produce intracellular signaling nucleo-
tides, pppGpp and ppGpp. These
alarmones inhibit DNA replication and
transcription, and it has been shown that
(p)ppGpp interferes with primer synthesis
by DnaG (Wang et al., 2007). Crystal
structures of DnaG-(p)ppGpp complexes
revealed a near identical binding orienta-
tion for the two inhibitors, which only
partly overlaps with the incoming NTP1448 Structure 20, September 5, 2012 ª2012site. The inhibitor nucleotides additionally
extend toward the adjacent region pre-
dicted to be occupied by the 30 end of
the emergent RNA primer; studies of
inhibition of primer-template binding and
primer synthesis were consistent with
these structures being those relevant to
the inhibition of primase by (p)ppGpp.
Using structures to understand enzyme
mechanism is an essential element of
modern biochemistry, but structures of
primases have been difficult to obtain.
Rymer et al. (2012) illustrate nicely how
new structural information could be
coupled with knowledge of structurally
related systems to make the most sig-
nificant breakthrough to date in under-
standing how the RPD of primases work.
However, these enzymes do not function
in isolation, especially in repeated prim-
ing of Okazaki fragment synthesis on the
lagging strand at replication forks, so
there are many remaining questions. For
example, how priming sites are recog-
nized by the ZBD of DnaG and how this
recognition is coordinated with interac-
tions of primases with replicative heli-
cases to manage the timing of lagging-Elsevier Ltd All rights reservedstrand primer synthesis are topics of
current research in several laboratories,
and future insights therefore seem
forthcoming.REFERENCES
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RNA-dependent RNA polymerases (RdRPs) are the central players in both transcription and viral genome
replication. Using NMR spectroscopy, Yang and colleagues (in this issue of Structure) show that the confor-
mational changes in the structural motif D of poliovirus RdRP correlate with the nature of the bound nucle-
otide (correct versus incorrect), with a conserved lysine within this motif playing a key role.RNA-dependent RNA polymerases
(RdRPs) catalyze the formation of phos-
phodiester bonds between ribonucleo-
tides in an RNA template-dependent
fashion. A wealth of tri-dimensional struc-
tural information is currently available for
a large number of RdRPs from different
families of positive strand and double-
stranded RNA viruses. All of theseenzymes share a closed ‘‘right hand’’
architecture, encircling seven conserved
structural motifs (designated A–G) that
have been shown to play different roles.
Motifs A, B, and F are key for nucleotide
triphosphate (NTP) binding, motifs A and
C are also involved in binding of metal
ions, and motifs E and G bind RNA
primers and templates, respectively. Untilrecently, the only function associated with
motif D was scaffolding for the palm
subdomain.
RNA elongation is based on sequential
nucleotidyl transfer reactions. Nucleotidyl
transfer involves the nucleophilic attack of
the alpha phosphate of the nucleoside-
triphosphate by the 30-OH of the primer
strand. This leads to phosphodiester
